We identified that ferroptosis, an iron-dependent non-apoptotic cell death process, occurs in 23 the rice blast fungus Magnaporthe oryzae, and plays a key role in infection-related 24 development therein. Ferroptosis in the blast fungus was confirmed based on the four basic 25 criteria. We confirmed the dependence of ferroptosis on ferric ions, and optimized C11-26 BODIPY 581/591 as a key sensor for subcellular detection and quantification of lipid peroxides 27 that mediate ferroptotic cell death during the pathogenic growth phase of M. oryzae. In 28 addition, we uncovered an important regulatory function for reduced glutathione and the 29 NADPH oxidases in generating/modulating the superoxide moieties for ferroptotic cell death 30 in Magnaporthe. Ferroptosis was found to be necessary for the specific developmental cell 31 death in conidia during appressorium maturation in rice blast. Such ferroptotic cell death 32 initiated first in the terminal cell and progressed sequentially to the entire conidium. 33 Chelation of iron or chemical inhibition of ferroptosis caused conidial cells to remain viable 34 and led to strong defects in host invasion by M. oryzae. Precocious induction of ferroptosis in 35 a blast-susceptible rice cultivar led to resistance against M. oryzae invasion. Interestingly, 36 ferroptosis and autophagy were found to play inter-reliant or codependent roles in 37
Introduction

55
Ferroptosis is an iron-dependent form of regulated cell death characterized by membrane 56 damage caused by the accumulation of lipid peroxides to a lethal level (Dixon et al., 2012; 57 Dixon & Stockwell, 2014; Kagan et al., 2016; Yang et al., 2016; Yang & Stockwell, 2016;  same. The cell viability was evaluated either by examining epifluorescence of intact nuclei 186 (visualized by hH1-GFP or hH1-mCherry), or by staining with 1% trypan blue (Sigma, 187 T6146) solution at room temperature for 20 min before microscopic examination.
188
Staining procedures and microscopy 189 Conidia on cover slips were inoculated with 10 µM C11-BODIPY™581/591 (Thermo Fisher, 190 D3861) for detection of lipid peroxides, 1 µM calcein-AM (Invitrogen, C3099) for iron 191 staining, 2 µg/ml fluorescein diacetate (Sigma, F7378) for viable cell staining, or 28 µM Cell 192 Tracker™ Blue CMAC (Invitrogen, C2110) for vacuolar staining at room temperature for 20-193 30 min, followed by two washes with sterile water. 194 Epifluorescence was observed using a Leica TCS SP8 X inverted microscope system 195 equipped with an HCX Plan Apochromat 63×/1.2 water objective (Leica Microsystems). 196 Excitation of fluorescent dye or fluorescently labelled proteins was carried out using the 197 argon laser (488nm/65mW) for C11-BODIPY and GFP-Atg8 (emission, 500-550 nm); the 198 white light laser for calcein-AM (excitation, 488 nm; emission, 510-560 nm), FDA 199 (excitation, 488 nm; emission, 500-550 nm), and H1-mCherry (excitation, 543 nm; emission, 200 610-680 nm); and the diode laser for CMAC (excitation, 405 nm; emission, 410-480 nm) . All 201 the lasers were controlled by 8 channel AOTF (Acousto-Optical-Tunable-filter) for rapid 202 modulation of laser intensity. Images were captured using the Hybrid Detector of this system. 203 All parts of the system were under the control of its own Leica Application Suite X software 204 package. Epifluorescence of H1-GFP or the cytoplasmic GFP was observed using a LSM5 205 Exciter microscope system equipped with an argon laser (excitation, 488 nm; emission, 505-206 550 nm) (Carl Zeiss). GFP-Atg8 subcellular localization was shown as 3D-rendered images, 207 whereas others were shown as single layer images or maximum intensity projections of five 208 optical slices as indicated.
209
MDA measurement 210 Conidia inoculated on cover glass (Menzel-Glaser, 80×80 mm) were treated with solvent, or 211 Lip-1, or FeCl 3 , or ciclopirox olamine, or diphenyleneiodonium and harvested at 14.5 hpi.
212
Two hundred million conidia were used for each treatment. Samples were snap-freezed and 213 ground to a fine powder using liquid nitrogen with mortar and pestle. MDA levels were 214 measured using a TBARS (TCA Method) Assay Kit (Cayman, 700870) following the 215 manufacturer's instructions. 216 Blast infection assays 217 Rice seedlings (var. CO39) grown in the greenhouse up to the four-leaf stage were used for 218 blast infection assays. Rice leaf sheath infection was performed as described (Deng et al., 219 2012; Selvaraj et al., 2017) . For sheath infections focusing on M. oryzae pathogenicity, the 220 way of doing chemical treatment was the same as described before, except that all the 221 chemicals were washed off and replaced by sterile water at 22 hpi. To induce ferroptosis in 222 rice, RSL3 or erastin were applied at 22 hpi, and rice resistance was examined at 48 hpi. 223 DAB (3,3'-diaminobenzidine; Sigma, D8001) staining was performed as described (Sun et 224 al., 2006; Daudi & O'Brien, 2012 
Results
235
Ferroptosis contributes to developmental cell death in M. oryzae 236 To investigate the involvement of ferroptosis in the conidial death observed in M. oryzae, we 237 first tested whether the precise cell death is iron dependent by treating the conidia of a 238 nucleus marked wild-type strain (H1-GFP) with the membrane-permeable iron chelator 239 ciclopirox olamine (CPX). The conidial death, indicated by breakdown of nuclei, collapse of 240 the conidial cells, and accumulation of the vital dye trypan blue, was dramatically suppressed 241 at 24 hpi by CPX ( Fig. 1a -c; P < 0.01, n = 900 conidia). Similar cell death suppression effect 242 on the conidia, although not as robust as CPX, was also evident when another iron chelator 243 deferoxamine (DFO) was used ( Fig. S1a,b ; P < 0.01, n = 900 conidia). To confirm the 244 involvement of ferroptosis in the conidial death, the wild-type conidia were further treated 245 with a panel of established ferroptosis inhibitors or inducers (Dixon et al., 2012; Friedmann 246 Angeli et al., 2014; Yang et al., 2014; Stockwell et al., 2017) . The conidial death was 247 suppressed by the two specific inhibitors of ferroptosis, Lip-1 or Fer-1 (Figs 1c,d, S1c,d; P < 248 0.01, n = 900 conidia), with Lip-1 clearly showing a dose-dependent suppression efficiency 249 at 24 hpi ( Fig. 1d ; P < 0.01, n = 900 conidia). Addition of iron (FeCl 3 ) or the GSH 250 biosynthesis inhibitor BSO, which has been reported to induce ferroptosis (Dixon et al., 2012; 251 Yang et al., 2014) , advanced the conidial death at 14.5 hpi (Figs 1e-g, S1f,g; P < 0.05, n = 252 900 conidia). Exogenous iron-promoted sensitivity to the conidial death was reverted upon Fig. 2a ). Loss of C11-BODIPY fluorescence within the mature appressoria was frequently 277 observed (Figs 2a, 3a, 4f, 6b, S3b) and is likely due to masking by the melanin layer, since 278 similar loss of fluorescence was also noticed in mature appressoria of the wild-type strain 279 when a vital dye calcein-AM was applied ( Fig. S3a ). We further quantified the endogenous 280 lipid oxidation during the iron-dependent conidial death by measuring the accumulation of 281 malondialdehyde (MDA), a common product from the oxidative degradation of multiple lipid 282 species (Gaschler & Stockwell, 2017; Gaschler et al., 2018) . Lip-1 or CPX treated wild-type 283 conidia showed a decrease in MDA accumulation, whereas treatment with iron (FeCl 3 ) 284 showed the opposite effect and an increase in MDA levels at 14.5 hpi ( Fig. 2b ; P < 0.01, n ≥ We found that ferric ion, but not ferrous ion or copper which also catalyses the fenton 321 reaction, sensitized the conidia towards cell death ( Fig. 4a ; P < 0.01, n = 900 conidia). initial penetration at 48 hpi ( Fig. 6c,d ). However, RSL3 application led to a failure in forming 369 hyphae within the blast-susceptible rice sheath, and caused a significant drop in the ability of 370 the infection hyphae to spread to the neighbouring cells ( Fig. 6c,d ; P < 0.01, n = 900 371 conidia). In addition, the few hyphae that attempted to spread to the next cells elicited a 372 strong immune response from the host in the first invaded cells (Fig. 6d ). Similar failure to 373 develop fungal hyphae within the penetrating rice cells and their surrounding cells was 374 observed when erastin was used ( Fig. 6c,d ; P < 0.01, n = 900). In addition, without RSL3 or 375 erastin treatment, DAB staining showed weak ROS accumulation only within the first 376 invaded rice cells (Fig. 6d) , which likely already proceeded to the necrotrophic stage.
377
However, when RSL3 or erastin was applied, the DAB-positive material showed intense 378 accumulation along fungal hyphae in all the invaded rice cells (Fig. 6d ), suggesting a strong 379 host defense response targeting the invasive hyphae. Based on these results we conclude that 380 the induction of ferroptosis in susceptible rice plants leads to the defense response against the 381 blast pathogen in an otherwise compatible interaction.
383
Functional interdependency between ferroptosis and autophagy in M. oryzae 384 Autophagy has been reported to be essential for M. oryzae conidial cell death (Veneault-385 Fourrey et al., 2006) , and has separately been shown to regulate ferroptotic cell death by 386 modulating iron availability in mammalian cells (Gao et al., 2016; Hou et al., 2016) .
387
Therefore we set out to investigate potential links between autophagy and ferroptosis in terms two conidial cells as well as in the germ tube at 2 hpi (Fig. 7a) , a time point when autophagy 394 is robust (Fig. 7d ). However, in atg8Δ cells, all the three conidial cells showed intense 395 calcein-AM fluorescence (Fig. 7a ), implying that atg8Δ conidial cells have less iron available with a maturing appressorium (Fig. S3a ), which implies that irons finally accumulate to a 400 requisite level, likely through an autophagy-independent mechanism, and can subsequently 401 lead to death in the conidial cells. Alternatively, the faint calcein-AM signal may indicate that 402 these atg8Δ conidial cells are undergoing cell death since calcein-AM is also a vital dye, and 403 this hypothesis agrees with the finding that no calcein-AM signal was detected in dead wild-404 type conidial cells (Figs S3a, 7b) . Consistent with calcein-AM staining, iron content in 405 conidia at 0 hpi was much lower in the atg8Δ mutant (Fig. S3c ). In addition, the typical 406 membrane associated C11-BODIPY accumulation observed in wild-type conidial cells 407 undergoing ferroptosis ( Fig. 2a ) disappeared upon loss of Atg8 function (Fig. S3b) . Instead, 408 punctate C11-BODIPY accumulation within atg8Δ conidia was observed, and the punctate 409 fluorescence showed no response to neither the ferroptosis inducer BSO nor the inhibitor 410 CPX (Fig. S3b) . The conidium viability of atg8Δ moderately reduced at 24 hpi upon 411 exogenous addition of ferric ion (FeCl 3 ; P < 0.01, n = 900) but remained unchanged upon 412 BSO treatment (P >0.05, n = 900) ( Fig. 7b ). This is in line with our previous finding that 413 iron, but not BSO, attenuated CPX effect on conidial viability (Fig. 1e, g) was seen in wild-type or the genetically complemented atg8Δ strain ( Fig. 7c ; P < 0.01, n = 418 900). We infer that iron levels in the atg8Δ conidia, although much lower than that in the 419 wild-type conidia, could still support a basal albeit protracted level of ferroptosis that could 420 be further suppressed by the iron chelator CPX or by reducing lipid peroxidation with Lip-1.
421
Alternatively, ferroptosis may still be functional even in the absence of the appropriate 422 autophagic activity, and the requisite iron sourced through autophagy-independent 423 mechanisms.
424
We further investigated the relationship between autophagy and ferroptosis by examining 425 autophagy dynamics (visualized using GFP-Atg8) in response to treatment with ferroptosis 426 inducers or inhibitors at multiple time points. We could see that autophagy was induced in the 427 wild-type conidia as early as 2 hpi on inductive surface, and proceeded as GFP-Atg8 428 accumulated in the vacuoles at 4-7 hpi (Fig. 7d ). At 7 hpi, most of GFP-Atg8 signals were 429 vacuolar, indicating that autophagy completed in the wild-type conidia (Fig. 7d ), when 430 ferroptosis initiated ( Fig. 3c-f ). However, no significant change in autophagy processes (and 4b, S1b,d), implying that conidial ferroptosis may modulate the proper formation and 445 maturation of the specialized infection structure to regulate the blast disease process. In 446 addition, we also provided some important insight into the underlying mechanism(s) in the 447 control of conidial ferroptosis and its contribution to M. oryzae pathogenicity. 448 We showed that M. oryzae employs the superoxide-producing Nox enzymes as important 449 sources of ferroptosis-driving lipid peroxidation (Figs 4, S1h) , just like what was reported in 450 tumor cells (Dixon et al., 2012) . However, an important dissimilarity that needs to be 451 emphasized is that the biological context for ferroptosis found in tumor cells is different was observed in M. oryzae germ tubes and maturing appressoria (Figs 2a, 3a, 4f, 6b ), which 460 are viable and metabolically active. In addition, these differences may also explain why BSO 461 indeed sensitized conidial cells to cell death, highly likely through GPX inhibition, but the 462 mammalian GPX4-specific inhibitor RSL3 showed no effect on ferroptosis in M. oryzae 463 (Figs 1g, 2a, 6a,b) , probably because the binding site in the target protein for the small 464 molecule RSL3 is not conserved in M. oryzae. Recently, two studies described a GPX4-465 independent mechanism that dominantly controls ferroptosis in tumor cells that are 466 insensitive to GPX4 inhibition (Bersuker et al., 2019; Doll et al., 2019) . It will be interesting 467 to test whether such GPX4-independent pathway functions in M. oryzae too.
468
In a seminal study, ferroptosis was reported to be involved in the HR response during an 469 incompatible interaction with rice blast (Dangol et al., 2019) Overall, we think that ferroptosis is a conserved cell death mechanism employed by both the 481 partners involved in the blast pathosystem albeit for entirely different purposes or outcomes.
482
Autophagy was reported to be essential for conidial cell death, which is a prerequisite for 483 appressorium functioning and host infection (Veneault-Fourrey et al., 2006) . Our results 484 showed that loss of autophagy (the atg8D mutant) caused increased accumulation of lipid 485 peroxides on vesicular membranes within the atg8D conidia, amidst a cellular environment 486 with limited availability of iron (ferrous and ferric ions) during pathogenesis (Fig. S3a,b,c) .
487
Therefore, we infer that, in addition to directly controlling the conidial cell death, autophagy 488 indirectly regulates ferroptosis by modulating the iron availability. This is further supported 489 by our finding that addition of FeCl 3 partially bypasses autophagy function and 490 induces/promotes conidial cell death (Fig. 7b ). The extremely low levels of intracellular iron 491 in the atg8D conidia, probably achieved through autophagy-independent mechanism, may 492 support a basal level of ferroptosis (conidial death), which could be further inhibited by either 493 chelating iron with CPX, or by reducing lipid peroxidation with Lip-1 (Figs 7a-c, S3a) .
494
Further experiments focusing on iron homeostasis will help elucidate the relationship and 495 codependence between autophagy and ferroptosis. Ability of conidium-death-modulating compounds (BSO, Lip-1, FeCl 3 , and CPX) to regulate type and nox2Δ to form infection hyphae within rice cells at 28 hpi. Mean ± s.d., 4 replicates 736 (100 conidia for each replicate); ** P < 0.01 and ## P < 0.01 versus "no hyphae" and 737 "hyphae restricted in the 1 st cell" of wild-type, respectively; n.s., not significant (t-test). WT, 738 wild-type. (f) Effect of DPI inhibition on infection hyphae formation within rice cells at 28 739 hpi. Mean ± s.d. from 4 replicates (100 conidia per replicate) is shown; ** P < 0.01 and ## P 740 < 0.01 versus "no hyphae" and "hyphae restricted in the 1 st cell" of DMSO, respectively; n.s., 741 not significant (t-test). All the chemicals were washed away at 22 hpi, a time-point before 742 invasive growth initiates, so that the effect of the chemicals was specific/restricted to conidial 743 death but not to rice cell death related to HR. Scale bars equal 20 µm in each instance. All 744 data are representative of three independent biological replicates, and n=900 or n=1200 745 conidia in total were used for the data interpretation as indicated in the main text. Table S1 Oligonucleotide primers used for plasmid constructs. The Viability (black) is the sum of pink and green (the 1-2 conidial cells survived and conidial cells all survived). Cell viability was assessed based on whether an intact nucleus (visualized by a nucleus-marked HistoneH1-GFP strain) was present, as quantified in Fig. 1b, d shown, and total n ≥ 0.6 billion conidia were used to generate the data interpretation as indicated. (b) Quantification (left panel) and visualization (right panel) of conidial death prevented by DPI treatment at 24 hpi using the H1-GFP strain. Mean ± s.d. from three independent replicates (100 conidia for each) is shown. ** P < 0.01 versus DMSO (t-test). BF, bright field. H1-GFP signal is shown as the maximum intensity projections. Bar =10 µm.
(c) Ability of DPI to prevent MDA accumulation in wild-type M. oryzae at 14.5 hpi. Data are mean ± s.d. (four technical replicates, two hundred million conidia per replicate) presented as fold change of DPI treated versus DMSO; ** P < 0.01 versus DMSO (t-test). (d) Conidium viability of wild-type and noxΔ mutants at 24 hpi, in the presence or absence of DPI. Mean ± s.d. (3 replicates, 100 conidia for each replicate) is shown; ** P < 0.01 versus B157, ## P < 0.01 versus nox2Δ (t-test). WT, wild-type. (e) Conidium viability of nox2Δ in the presence of FeCl 3 , CPX, or Lip-1 (30 µM). Mean ± s.d. is shown (3 replicates, 100 conidia for one replicate,); ** P < 0.01 and ## P < 0.01 versus nox2Δ control and DMSO, respectively (t-test). (f) Lipid oxidation visualized by BODIPY 581/591 C11 staining in conidial cells of wild-type and nox2Δ at 7 hpi. Red rectangles mark the origin of the highlighted insets. MIP, maximum intensity projection. C11-BODIPY, oxidized C11-BODIPY581/591. BF, bright field. WT, wild-type. Data represents two to three independent experiments (biological replicates), n=900 or n=600 conidia in total were used for each data interpretation as indicated.
Fig. 5
Ferroptotic conidial death is required for M. oryzae pathogenicity. (a) Ability of wild-type M. oryzae treated with Lip-1 or FeCl 3 to form fungal hyphae within rice cells at 28 hpi. Data are mean ± s.d. from three independent replicates (100 conidia per replicate); ** P < 0.01, ## P < 0.01 and $$ P < 0.01 versus "no hypha", "hyphae restricted in the 1 st cell", and "hyphae spread to neighbouring cells" of control, respectively; n.s., not significant (t-test). (b)
